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Disclaimer:

• Not a complete overview  

• Somewhat biased as a function from which talks I 
could easily copy slides… 

• Apologies to those who feel underrepresented…
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Type Ia Supernova Cosmology
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Betoule et al. 2014
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Tension in the concordance model?
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~4σ
New physics or a systematic error ?
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Supernova Challenges
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Betoule et al. 2014
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Calibration

Follow Up

Astrophysics

Betoule et al. 2014

We need to make sure SN standardised magnitudes are 
predictable at any redshift (at a constant if not H0)
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New SNeIa Cosmology area | growth of Structure
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Tough

Biased

Peculiar Velocities

Galaxy Distances
25%

Finite sample

Type Ia supernovae

• 1 SN = 25 Galaxies
• Well controlled systematics

5%

Graziani et al. sub.
Extract density maps  
from Hubble residual

ZTF → 4000 SNeIa → ~10% precision
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New Generation of SN Surveys

ZTF | 2018-2021+ | ~3000 SNeIa z<0.1    —    LSST | 2022-2032 | 200 000 SNeIa<0.3 
+WFIRST (space telescope 2030+ ~1000 SNeIa z>1)
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Laura Cadonati, Georgia Tech  
LIGO Scientific Collaboration 

“Colliding Neutron Stars”
NSF/LIGO/Sonoma State 
University/A. Simonnet

Gravitational Waves:  status and prospects

EDSU-2018,  Guadeloupe - June 25, 2018
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Multi-messenger Observations of a Binary Neutron Star Merger      
The Astrophysical Journal Letters, 848:L12, 2017

EM 
Followup 
Campaign 

and 
discovery 

of a 
Kilonova



Many new DE/modified gravity theories developed over last decade

Most can be categorized based on how they break GR:

The only local, second-order gravitational field equations that can be derived 
from a four-dimensional action that is constructed solely from the 
metric tensor, and admit Bianchi identities, are GR + Λ.

Lovelock’s theorem (1969)

subject to viability conditions: ghosts? instabilities?

  

Theory Space: Breaking GR

No favored alternative theory, theory space hard to summarize succinctly

Need unifying frameworks + phenomenology to compare to data
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vH - local “Hubble flow” velocity of the 
source - Use optical identification of the 
host galaxy NGC 4993

d - distance to the source - Use the GW 
distance estimate

Cepheids and 
type Ia supernovae 

H0 = 70.0        km s-1 Mpc-1+12.0
-8.0

68.3% credible interval

(8% larger)

BNS as Standard Sirens
Gravitational wave cosmology: 

BNS as standard sirens to measure the 
rate of expansion of the Universe

A gravitational-wave standard siren measurement of the Hubble constant 
Nature, 551:85, 2017

vH = H0 d
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Observing Scenarios

Prospects for Observing and Localizing Gravitational-Wave Transients with Advanced LIGO and 
Advanced Virgo and KAGRA — https://dcc.ligo.org/LIGO-P1200087/public

BNS range
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CPPM/IN2P3	

Cosmology	&	DE	
Perspectives	with	
future	wide	field	
instruments



The	goal	:		COMBINING	….	

Photometry
Multi bands 

Imaging
Photometry

Spectroscopy
Redshift survey

Photometry+
spectroscopy

q Supernovae :	distance.						

q Clustering /Large	scale structure	(LSS)	(	BA0,	RSD…)	
distance	+	ordinary matter power	spectrum
+	growth of	structures	

q Weak gravitational shear.	
distance	+	dark matter power	spectrum,
growth of	structure

q Galaxy cluster		/ Voids
count,	power	spectrum



DE	strategy		for	>	2020		multi	probes	and	multi	projects

Goal					è -reduce	by 1	order	of	magnitude	the	errors	on	DE	equation	of	state.
-distinguish	from		modified	gravity	

Method									è Large	sky		Surveys	&	deep	(	24-27	mag	)

Key	issue							è Systematic	Errors
è Combining	probes

Observables	è
- Galaxy	Clustering	:		BAO,RSD,growth
- Weak	Lensing	:	growth	of	structure		
- Supernovae	:	standard	candle
- Cluster	counts	/voids	…..

- H1	survey	mapping			
A	large	europeen network	of	
radio	antenna
SKA

A	large	europeen
space	Project	selected:
EUCLID.	

Large	US	ground	Project
LSST	(photo)

Large	US	ground	Project
DESI



We also learned that Andrei Linde is an 
incredible powerful person who can



The Future



Past Survey Optimization
(Galaxy surveys)

GoodBad

Number of galaxies



Today’s Survey Optimization

Area

Number density

 of galaxies

Shear calibration

Photo-z calibration

Intrinsic alignment

Baryonic physics
Galaxy bias models

Cluster mass-observable relation
External data sets

Non-linear density field evolution
Covariance Computation

Mone
y

(Galaxy surveys)



-> multi-probe cosmology + external data is the 
way to go

Work Effort Pie Chart



Why are we still optimistic about 
future dark energy endeavors?
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.

MNRAS 000, 1–13 (2014)
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Figure 2. Individual vs. multi-probe cosmological constraints. We show projected cosmological constraints for clustering (orange/dot-long dashed), cosmic
shear (red/dashed), cluster number counts (blue/dot-dashed) individually. The 3x2pt multi-probe contours (green/long-dashed) include information from clus-
tering, cosmic shear, and galaxy-galaxy lensing; the black/solid contours add information from cluster number counts and cluster weak lensing to the 3x2pt
data vector, altogether 2413 data points.

examine the impact of the covariances’ input cosmology on likeli-
hood contours in Sect. 4.3.

Given the likelihood function we can compute the posterior
probability in parameter space from Bayes’ theorem

P(pc,pn|D) / Pr(pc,pn) L(D|pc,pn), (21)

where Pr(pc,pn) denotes the prior probability (non-informative pri-
ors for the case of this paper).

3.4 Results - baseline scenario

Results of our baseline LSST likelihood analysis simulation are
shown in Fig. 2. All contours include systematic e↵ects that are
associated with the corresponding probe(s). Correspondingly, the
dimensionality of the likelihood analyses di↵ers substantially; it
ranges from 15 for the cluster number count analysis to 45 for the
joint analysis of all 5 probes considered in the data vector.

We find that the galaxy clustering analysis with the imposed
cut-o↵ scale of Rmin = 10.0Mpc/h is strongly a↵ected by system-
atics, most likely our unconstrained galaxy bias. Cosmic shear in
itself has relatively tight constraints, however we see a substan-
tial increase when combining the two aforementioned probes with
galaxy-galaxy lensing (denoted as 3x2pt).

Whereas cluster number counts alone gives the weakest con-
straints overall, it is extremely promising when combining it with
the 3x2pt scenario and adding cluster weak lensing to calibrate
cluster masses. The information gain from 3x2pt to the scenario
where all probes are included is remarkable. One reason is the fact
that clusters contribute small scale clustering information from the
1H-term, which is not present in the clustering or galaxy-galaxy
lensing data (also see Sect. 4.2). Another reason to caution against
overestimating the e↵ect of clusters is the fact that we have not
yet considered galaxy cluster mis-centering, assembly bias and
stochasticity as additional uncertainties.
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Optimism 1: Multiple Probes

7 cosmological 
parameters
49 nuisance 
parameters

Realistic LSST 
likelihood 
analysis



Optimism 2: Multi-Survey
Possible WFIRST extension of 

1.6 years overlapping with LSST



Is there a failure mode where we 
find the equivalent to the Higgs 

and nothing else?



Not really,
• We improve existing constraints on LCDM by an order of 

magnitude 

• We map the Universe at unprecedented depth, image 
quality, and speed (transients) 

• Strong synergies with gravitational wave detection, CMB 
experiments 

• Exciting results for galaxy formation and astrophysics,  

• It’s not about “w”… it’s about understanding the universe 
as a whole 



Thank you!


